ABSTRACT
INTRODUCTION
Stress corrosion cracking (SCC) appears on metals submitted to both mechanical loading and corrosive environment. This damage results from synergistic effects between corrosion processes and plastic deformation. Among the numerous parameters implied in the CSC of stainless steels, hydrogen plays a key role, especially when this hydrogen results from the electrochemical reactions inside stress corrosion cracks. Among the possible effects of hydrogen, we focus in this approach on the plastic strain localization induced by hydrogen absorption. The aim of this study consists in characterizing quantitatively the corrosion-induced plastic strain localization. Such a strain localization was reported on face-centered cubic metals [1] [2] . At a given cumulated plastic strain level, in comparison with specimens tested in air, an increase of the slip band spacing (SBS) was observed on brass in conditions of stress corrosion in ammonia solution on both flat [1] and notched specimens [2] . These two studies support a local plasticity enhanced by corrosion. A specific study on the effect of internal and external hydrogen on the tensile properties of type 316L stainless steel has made clear hydrogen-plasticity interactions by controlling accurately the conditions of hydrogen charging and the stability of the material [3] . The purpose of the work presented here is to show the first try to combine the results obtained from the numerical simulation of crystalline plasticity to the high resolution AFM analysis of slip band morphology. This approach is proposed with the objective to model the hydrogen-modified localized plasticity by using a continuum mechanics.
EXPERIMENTAL AND AFM OBSERVATIONS
To quantify the effects of hydrogen on plasticity, it is crucial to reduce as much as possible the density of strain-induced defects such as martensite and the formation of hydride. For this reason, the 316L stainless steel used in this study contains high nickel content (see Table1) which make the austenitic phase very stable. About 12 grains, namely about 500 slip lines per polycrystal were observed to obtain a statistical data. The SBS and SBH mean values were performed on each grain and are noted SBS g and SBH g . Since SBH g and SBS g represent mean values of the measured quantities, the number of emerging dislocations will be computed ignoring the real SBS/SBH distribution but considering an equivalent number of slip bands of height SBH g spaced of a distance SBS g . The angle between the slip direction and the polycrystal surface depends on the crystallographic orientation of the active slip system. Consequently, SBH g cannot directly be used to represent plastic activity, and the dislocation number of the representative (SBH g , SBS g ) slip-band is a better parameter ( Figure 2) . Therefore, the higher the dislocation number and the slip-band width, the more localised is the strain. In order to estimate the number of dislocations emerged to build the representative slipband, a finite element calculation was performed to know the plastic shear on each slip system for each grain of the polycrystal. Experimental and numerical results were coupled to compare the strained surface feature of hydrogen-free and of hydrogen precharged specimens. Consequently, plastic shear in each grain had to be known .
MODELLING AND NUMERICAL COMPUTATIONS

Crystalline plasticity
The plastic strain level of each grain was obtained from finite element calculations. The code ZéBuLoN, developed by L' École Nationale Supérieure des Mines was used in such a context. First of all, the real polycrystal microstructure had to be built and meshed. EBSD (Electron Back Scattering Diffraction) was used in order to obtain a 2D map of the crystal orientation of all grains in the studied area, and such to define the geometry of the surface grains. Then, a finite element 2D mesh discretizing the grains geometry of the sample surface has been defined by free meshing technique with triangles (figure 3). The corresponding crystal orientation (Euler's angles) and material properties were attributed to each Gauss point. An isotropic linear law was used to describe the elastic behaviour. Concerning the plastic behaviour, a crystal plasticity model was used to simulate the polycrystalline aggregate behaviour, which results from the combination of the individual behaviour of each one of its grains. At this scale, it is assumed that slip mechanism is the predominant mechanism involved in plastic strain development. The resolved shear stress t s on each slip system "s" (12 in the case of FCC structure) was computed using the Schmid law (1), and used as the critical variable.
( 1) with is the Schmid factor of the slip system "s. Cailletaud [5] has proposed a rate dependent phenomenological formulation. It allows the description of strain rate sensitivity and does not need a specific algorithm for the determination of active slip systems. A simple power law was adopted for the plastic shearing rate (2), with a threshold c t
where K and n characterize the material rate sensitivity. x s is the internal back-stress. A high value of "K" and a low value of "n" allow the simulation of plastic behaviour. Hardening rules are derived from classical macroscopic hardening rules for metallic materials [6] . They can be divided into an isotropic term (expansion of the elastic domain) due to small distance interactions (self hardening and latent hardening), and a kinematic term s x which describes long distance interactions and evolution of the dislocation structure inside the grain. In this study, only monotonic loadings have been considered. Consequently, the kinematic hardening can be included in the expression for isotropic hardening (3). Homogeneous strain boundary conditions were applied to the 2D mesh. That is to say that the components of the displacement at each node of the outer surface were prescribed according to the equation (4):
Where is a given constant strain tensor and the node position. In this work, we applied a loading corresponding to uniaxial tension. The displacement was blocked on one edge in the tensile direction, and the total displacement was imposed on the opposite edge. Rigid body motion was suppressed in blocking the displacement of a point in the two directions (Figure 3 ).
Modelling of slip step
For each grain, finite element calculations provided the overall plastic shear having built slip-bands. In this work we will consider the sum of the plastic shears occurring on the three slip systems (s 1 ,s 2 and s 3 ) having the same slip-band orientation at the grain surface (Figure 4) . In the same way, the number of dislocation building the representative slip-band is the sum of dislocations emerging on each one of the three slip systems. The vector describing the slip, associated the representative band, is the sum of the slip vectors of each slip system acting on this particular plane. These slip vectors are equal to the product of the dislocation number and the Burgers vector of the considered system. For each of the four slip planes: (5) Where : SBH pi is the slip band height building by the plane P i n si is the number of emerging dislocations on the slip system s i b si is the Burgers vector of the slip system s i z is the AFM measurement direction (i.e. The normal to the aggregate surface)
We assume that the dislocation number on each slip system is proportional to the numerical plastic shear, so that:
Then, we obtain:
The ratio of the numerical plastic shear is obtained from FE calculations. The SBH g value is measured on the most visible slip plane. Hence it corresponds to the maximal value of K. As a consequence, we can obtain the value of n max from the value of SBH g measured by AFM, and the value of K max computed trough FE.
Where: SBH g is the AFM measurement K max , the term of band visibility, results from FE calculations.
We can then obtain the number of emerging dislocations on each slip system s i .: Figure 6 shows the projected SBS g value for each representative slip band for the grains of the hydrogen free sample and of the hydrogen charged polycristal. SBS g is plotted as a function of the plastic shear sum on the three slip systems corresponding to the more visible plane. corresponding to Kmax Figure 6 shows that at the same intragranular plastic strain, the SBS g of several hydrogenated grains are higher than the hydrogen free ones. In the same way, the dislocation number of the sample with hydrogen is higher than the ones of the uncharged specimen. However, the result is less obvious than expected (see figure 7) . Indeed, the plastic shear is more important for the hydrogenated grains than for hydrogen free grains because the experimental strain level was higher. Then, it is difficult to share the hydrogen influence and the pure strain effect. More observations are performed to complete these results.
CONCLUSIONS
The local study is able to provide a quantification of the effects of hydrogen concentration on the slip morphology of a polycrystalline stainless 316L steel. The increase in the dislocation number confirms observations reported for stainless steels [1] [2] , and supports previous experimental observations [7] [8] which consider that mobile dislocations induce an accelerated hydrogen transport. Hydrogen transport may be in the form of Cottrell atmosphere on moving dislocations leading to high and localized hydrogen concentration. Experimental observations and theoretical calculations suggest that the presence of hydrogen atmospheres in solid solution decreases the barriers (elastic interactions between dislocations) to dislocation motion and therefore increases the dislocation mobility [9] [10] . Some new observations of grains with close plastic shear will be made to complete this work.
